A Test for the Origin of Solar Mass Black Holes by Takhistov, Volodymyr et al.
IPMU20-0087
A Test for the Origin of Solar Mass Black Holes
Volodymyr Takhistov,1, ∗ George M. Fuller,2, 3, † and Alexander Kusenko1, 4
1Department of Physics and Astronomy, University of California, Los Angeles
Los Angeles, California, 90095-1547, USA
2Department of Physics, University of California, San Diego, La Jolla, CA 92093-0319, USA
3Center for Astrophysics and Space Sciences, University of California, San Diego, La Jolla, CA 92093-0424, USA
4Kavli Institute for the Physics and Mathematics of the Universe (WPI), UTIAS
The University of Tokyo, Kashiwa, Chiba 277-8583, Japan
(Dated: September 1, 2020)
Solar-mass black holes are not expected from conventional stellar evolution, but can be produced
naturally via neutron star (NS) implosions induced by capture of small primordial black holes
(PBHs) or from accumulation of some varieties of particle dark matter (DM). We argue that a
unique signature of such “transmuted” solar-mass BHs is that their mass distribution would follow
that of the NSs. This would be distinct from the mass function of black holes in the solar-mass
range predicted either by conventional stellar evolution or early universe PBH production. We
propose that analysis of the solar-mass BH population mass distribution within a narrow mass
window of ∼ 1− 2.5 M can provide a simple yet powerful test of the origin of these BHs. Recent
LIGO/VIRGO gravitational wave (GW) observations of the binary merger events GW190425 and
GW190814 are consistent with a BH mass in the range ∼ 1.5− 2.6 M. Though these results have
fueled speculation on dark matter-transmuted solar-mass BHs, we demonstrate that it is unlikely
that the origin of these particular events stems from NS implosions. Data from upcoming GW
observations will be able to distinguish between solar-mass BHs and NSs with high confidence. This
capability will facilitate and enhance the efficacy of our proposed test.
The discovery of gravitational waves (GWs) [1] has
opened a new window for exploration of black hole (BH)
properties, in particular the distribution of their masses.
In this letter we focus on the BH mass parameter space
region around a solar-mass, where BHs are not expected
to be produced by conventional stellar evolution. How-
ever, primordial black holes (PBHs), produced in the
early universe [2–32], could be of solar-mass scale. Fur-
thermore, PBHs with much smaller masses can be cap-
tured in a neutron star (NS) and can convert the NS
to a solar-mass black hole (e.g. [33–38]). Likewise, ac-
cumulation of dark matter (DM) inside a neutron star
can cause the NS to implode and form a solar-mass BH
(e.g. [36, 39]). Here we suggest a powerful yet simple test
to distinguish between these possibilities and hence shed
light on the origin of solar-mass BHs and DM.
LIGO/Virgo has reported events GW190425 [40] and
GW190814 [41] suggestive of possible BHs with ∼ 1.5−
2.6M masses. While such binary constituents could
be NSs (e.g. [42, 43]), they are consistent with solar-
mass BHs. Without identification of clear electromag-
netic (EM) signal counterparts or good sensitivity to
higher order tidal deformability GW effects, distinguish-
ing between a solar-mass BH and a NS is difficult. Even
with observation of an EM counterpart, distinguishing
a NS-NS binary merger event like GW170817 [44] from
a NS-BH event is non-trivial. Improved discrimination
between the two can be achieved with accumulation of
observed event statistics [45, 46].
Astrophysical black holes (BHs) can be formed via
gravitational collapse of massive stars in conventional
stellar evolution. Such BHs are not expected to have
masses below ∼ 2.5M. Neutron star masses are sub-
ject to the Tolman–Oppenheimer–Volkoff (TOV) stabil-
ity limit, with suitable nuclear equation state. Com-
monly discussed TOV limits are ∼ 2M for non-rotating
and ∼ 2.5M for rotating NSs. Stellar collapse can pro-
duce a 1.5 − 2.5M NS (e.g. [42]). Observations of low-
mass X-ray binaries show that the smallest BHs have
masses in the ∼ 5−10M range, with no BHs lying in the
“mass gap”1 of ∼ 3− 5M [49]. Detection of BHs below
∼ 3M would point to an origin different from conven-
tional stellar evolution, possibly indicating new physics.
Solar-mass BHs can be of primordial origin (PBHs),
directly produced in the early Universe, prior to the for-
mation of galaxies and stars. Such PBHs could also
contribute to dark matter (DM) (e.g. [2–4, 7, 9, 10, 13–
16, 18, 21–24, 26–32, 50–53]). In particular, solar-mass
BHs can readily appear in some models if they are as-
sociated with the mass inside the horizon at the QCD
epoch (e.g. [54, 55]).
Solar-mass BHs can also be “transmuted” [35], natu-
rally arising as a consequence of NS implosions2 caused
by capture of sublunar-mass PBHs (e.g. [33–38]). These
events could be the origin of a variety of interesting as-
trophysical signals, like orphan kilonovae and GRBs or
511 keV emission [33, 37]. More importantly, the rele-
vant small PBHs lie in the open parameter space window
1 However, BHs residing within the “mass gap” are expected from
some stellar population synthesis models (e.g. [47, 48]).
2 Even smaller solar-mass BHs can appear from implosions of white
dwarfs. Search of sub-solar mass BHs has been recently per-
formed at LIGO/VIRGO [56].
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2where PBHs can constitute all of the DM. Transmuted
solar-mass BHs can also arise due to accumulation of par-
ticle DM and subsequent implosion of NSs. This can oc-
cur if the DM particle interacts with baryons and is non-
annihilating (e.g. [36, 39]). These requisite properties can
be achieved with asymmetric DM models [57–60], includ-
ing those based on bosons (e.g. [61, 62]) or self-interacting
fermions (e.g. [63, 64]). Here, the relic abundance is set
by an initial particle/anti-particle asymmetry that could
also be connected with the observed baryon asymmetry
of the Universe.
Given the variety of solar mass BH production possi-
bilities, and given the uncertainties surrounding the true
nature of the ∼ 1.5−2.5M solar-mass constituent events
in mergers (e.g. [35]) and distinguishing BHs from com-
pact stars, an obvious set of questions arises. What data
is needed to establish or rule out the existence of so-
lar mass BHs with an origin distinct from conventional
stellar evolution production routes? Does the currently
extant data provide some insight into this issue? The
recent GW compact object merger events have sparked
research on this and related topics [65–67].
In this work, we establish a decisive test that could
shed light on the origin of solar-mass BHs. As we point
out, a unique feature of transmuted solar-mass BHs from
particle or PBH DM interactions is that their mass dis-
tribution tracks the mass distribution of NSs. In con-
trast, while the mass distribution of solar-mass PBHs
from the early Universe could be peaked or more broadly
distributed, depending on the formation epoch and the
details of the considered cosmological model, their mass
distribution is unrelated to the stellar one.
For transmuted solar-mass BHs, the capture rate of
sublunar-mass PBHs3 on a NS is given by [34, 38]
FPBH =
√
6pi ρDM
MPBHv
( 2GMNSRNS
1− 2GMNS/RNS
)
×
(
1− Exp
[
− 3Eloss
MPBHv
2
])
, (1)
where MNS is the NS mass, RNS is the NS radius, MPBH
is the mass of the PBH, v is the PBH velocity dispersion
and Eloss ' 58.8G2M2PBHMNS/R2NS is the average inter-
action energy loss of a PBH in the NS. After capture, a
PBH will settle within the NS and subsequently consume
it. These processes would typically occur on significantly
shorter time scales than the age of a system.
For the case of transmuted solar-mass BHs from parti-
cle DM accumulation, the rate with which DM particles
are captured by a NS is given by [68, 69]
FpDM =
√
6piρDM
mv
( 2GMNSRNS
1− 2GMNS/RNS
) σ
σcrit
(2)
3 The base PBH capture rate is further enhanced when the NS
velocity distribution is taken into account [33].
where m is the DM particle mass, ρDM is the DM den-
sity, v is the DM velocity dispersion, R and Rs the NS
radius and its Schwarzschild radius, respectively, and
(σ/σcrit) ≤ 1 denotes the efficiency factor for a given DM
interaction cross-section σ. Here σcrit = 0.45mnR2/M '
10−45 cm−2 is the critical cross section above which on
average every DM particle passing through the NS is cap-
tured. The captured DM thermalizes and collapses to
a small BH if the number of particles grows beyond a
critical value. Subsequently, the host star is rapidly con-
sumed. As for the case of PBHs, these processes should
also occur on significantly shorter time scales than the
age of a system.
Transmuted solar-mass BHs should track the mass dis-
tribution of the NS population. The population of NSs is
not uniform and can be classified into several categories.
These include recycled fast-rotating millisecond pulsars
(MSPs), slow pulsars (SPRs), and those in double NS bi-
naries (DNSs). For the NS mass distribution, we adopt
the established fit model described by a Gaussian4 prob-
ability density function [71, 72]
P (MNS) =
1√
2piσ2NS
Exp
[
− (MNS −M0)
2
2σ2NS
]
, (3)
where the NS sub-populations are given byM0 = 1.33M
and σNS = 0.09M for the DNSs, M0 = 1.54M and
σNS = 0.23M for the MSPs, and M0 = 1.49M and
σNS = 0.19M for SPRs. Using the NS population mass
distributions, and assuming that these are tracked by
transmuted solar-mass BHs, we show the expected trans-
muted BH mass distributions in Fig. 1. For the normal-
ized combined distribution we have assumed equal con-
tributions from each sub-population.
In principle, the expected observable mass distribution
of transmuted solar-mass BHs could be altered from that
of NSs by the NS mass-dependence of the DM capture
rate or the GW detection sensitivity. From Eq. (1) and
Eq. (2) it can be seen that the DM capture rate does
not have a strong dependence on NS mass and radius
variation within the range of interest, being altered by a
factor of few. For GWs from a binary merger, assuming
a detection signal-to-noise ratio of 8, the inspiral signal
horizon distance is given by [73]
D = 18
(5pi
24
)1/2(
GM
)5/6
pi−7/6
√
4
∫ fhigh
flow
f−7/3
Sn(f)
df ,
(4)
where M = [q/(1 + q)2]3/5M is the chirp mass for a
binary of total mass M = m1 + m2 and mass ratio
q = m1/m2, f is the GW frequency, Sn(f) is the power
4 The possibility of a bi-modal mass distribution for MSPs has also
been suggested [47, 48, 70].
3FIG. 1. Expected mass distribution of transmuted solar-
mass BHs assuming that these track their NS progenitors.
Considered sub-populations of imploding NSs from slow pul-
sars (SPR, blue), recycled millisecond pulsars (MSP, red)
and double neutron stars (DNS, orange) as well as combined
distribution (black dashed) are shown. Input parameters
for Gaussian distributions of the NS populations are taken
from Ref. [71, 72].
spectral density denoting mean noise fluctuations at a
given frequency. The upper limit on the frequency is
set by the innermost circular orbit fISCO = 1/6
√
6piGM ,
while the lower is set by the detector threshold. Con-
sequently, the GW detection sensitivity is not strongly
affected by variation in NS mass. Hence, the mass distri-
bution of transmuted solar-mass BHs is expected to track
NS mass distribution without significant deviations.
The utility of the proposed test can be demonstrated
by fitting the solar-mass BH candidate events to the NS
mass distribution, for which we employ a Kolmogorov-
Smirnov (K-S) test. For the null hypothesis we assume
that data follows the combined NS population distribu-
tion, including the PSR, MSP and DNS sub-populations
described above, as displayed in Fig. 1. We first test
(see Trial Fit 1 in Tab. I) the hypothesis that the re-
cently observed ∼ 2.6M GW190814 (BH-BH?) and
∼ 1.8M GW190425 (BH-BH?) solar-mass BH candi-
date GW events follow the NS mass distribution. The
resulting K-S p-value of 7.2 × 10−3 strongly rejects the
null hypothesis at the > 99% level.
For the next trial test, Trial Fit 2 in Tab. I, we consider
the GW190814 and GW190425 events together with an
additional ∼ 1.5M event assuming that one of the NSs
in the GW170817 NS-NS merger event is actually a solar-
mass BH, a possibility still allowed by observations. The
newly obtained p-value of 9.5 × 10−2 weakens the rejec-
tion of the null hypothesis to ∼ 90%, but still remains
significant.
Finally, in Trial Fit 3 in Tab. I, we display the test
result assuming a sample population of solar-mass BHs
Trial Candidate Total BH Mass K-S Test
Fit GW Events Events (M) (p-value)
1 GW190814 2 2.6 7.2× 10−3
GW190425 1.8
GW190814 2.6
2 GW190425 3 1.8 9.5× 10−2
GW170817 1.5
3
test event 1
7
1.3
1.8× 10−3
test event 2 1.5
test event 3 1.8
test event 4 2.0
test event 5 2.1
test event 6 2.2
test event 7 2.3
TABLE I. Fit of transmuted solar-mass BH candidate events
to a mass distribution following the NS population.
with several events with mass above 1.5M, resulting in
a O(10−3) p-value. These considerations highlight the
importance of detecting larger > 1.5M solar-mass BH
candidate events. Moreover, they also highlight the in-
consistency of the ∼ 2.6M candidate event as revealed
by testing with the NS mass distribution5. Thus, while
there are sizable uncertainties on the masses of detected
binary constituents, we have demonstrated that the ob-
served solar-mass BH candidate events are unlikely to be
from NS DM implosions.
Mass function of PBHs depends on the production
scenario. Some models predict a broad distribution
of masses, such as a piecewise power law distribu-
tions [19, 20, 32], which can be easily distinguished
from the expected mass function of transmuted black
holes. Some other models predict a narrow mass func-
tion [10, 11, 17, 18, 21, 28, 31], which can peak at any
point over a broad range of masses. However, it is ex-
tremely unlikely that the maximum of such a narrow
mass distribution could coincide with the predicted peak
of the transmuted mass function. In the unlikely sce-
nario that the peaks of distributions coincide, with suffi-
cient statistics, our test will still be able to discriminate
between them based on the shape of the distribution.
More sophisticated analyses and inclusion of possible
uncertainties will provide a further improvement of our
proposed test. The test will become increasingly power-
ful with upcoming observations, as higher statistics for
binary events will allow differentiation between BHs and
NSs with significant confidence. This will be true even
5 A variation in the considered NS population mass distribution
(e.g. a bi-modal distribution) could in principle alter the details
of our proposed test results. However, we do not expect this to
qualitatively affect our overall conclusions.
4when only < 100 events are detected [46]. Additional dis-
criminating factors, such as coincidence signatures, event
rates and spatial distribution (see e.g. [33, 35–37]), could
be employed to strengthen the efficacy of this proposed
test.
In conclusion, we showed that transmuted solar-mass
BHs from NS implosions, caused by capture of sublunar-
mass PBHs or an accumulation of particle DM, can be
identified because they track the NS mass distribution.
This is different from the typical predictions and ex-
pectations of primordial solar-mass BHs created in the
early Universe. Several recent candidate events have been
identified. We have presented mass distribution analysis
of solar-mass BHs as a powerful novel test of their ori-
gin. As we have shown, it is unlikely that the recently
detected events originate from NS implosions. This sta-
tistical test method provides a new tool for analyzing
ideas and models for DM and related solar-mass BHs.
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